Introduction
============

The treatment of cancers which have developed multidrug resistance (MDR) is a major challenge, and rates of morbidity and mortality are extremely high.[@b1-dddt-11-1255] Also, in clinical practice we have found that the emergence of MDR has caused considerable levels of pain in many leukemia patients. MDR is defined as when cancer cells become resistant to a chemotherapeutic drug, after one or more treatment cycles, and this may lead to resistance to other chemotherapeutic drugs that have different structures and mechanisms.[@b2-dddt-11-1255]

Numerous reports have focused on the different mechanisms of MDR in leukemia. These resistance mechanisms include: a) increased drug metabolism due to altered molecular targets; b) defective apoptotic machinery; c) over-expression of efflux pumps, such as P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRP1, MRP2), lung resistance protein/major vault protein, and breast cancer resistance protein (BCRP); d) enzyme-mediated drug resistance mechanisms such as overexpression of glutathione S-transferase; e) microenvironmental resistance; and f) enhanced repair of drug-induced DNA damage.[@b3-dddt-11-1255],[@b4-dddt-11-1255] It is well known that the appearance of MDR has made effective treatment of leukemia very challenging. Therefore, the early, accurate, and sensitive detection of MDR genes is vital, and it is also beneficial to search for more effective chemotherapeutic approaches for use in the clinical setting. Notably, MDR efflux pumps are usually localized in epithelial cells, and their location is polarized. Moreover, they are often expressed in combination with other membrane proteins. All of these can serve as potential targets for convenient testing. MDR genes can usually be potentially detected by the RNA and protein levels by various approaches as described in this article.

Multidrug resistance
====================

The occurrence of MDR is mainly due to the extracellular efflux of chemotherapy agents which involves mechanisms mediated by over expression of ATP-binding cassette (ABC), and MDR proteins.[@b5-dddt-11-1255] Both P-gp and MRP1 are thought to play pivotal roles in the MDR process.[@b6-dddt-11-1255] P-gp is a membrane-associated drug efflux pump which belongs to the ABC protein family and is encoded by the MDR1 gene ([Figure 1](#f1-dddt-11-1255){ref-type="fig"}). P-gp represents a 170 kDa glycosylated integral plasma membrane protein,[@b7-dddt-11-1255],[@b8-dddt-11-1255] which acts as a drug efflux pump to decrease intracellular drug concentrations.[@b9-dddt-11-1255] Multidrug resistance and chemotherapy failure are produced by intracellular anticancer drugs that increasingly flow from cells through the efflux pump.[@b10-dddt-11-1255],[@b11-dddt-11-1255] The protein includes two halves. Each part of the protein contains six hydrophobic trans-membrane domains, and one ATP binding domain.[@b12-dddt-11-1255] Powered by the hydrolysis of ATP, they efflux structurally diverse compounds. Hydrolysis of ATP is believed to reset the protein to the inward-facing form to begin a new cycle of drug binding and release.[@b13-dddt-11-1255] P-gp, which is located on chromosome 7q21, was the first MDR gene to be identified.[@b14-dddt-11-1255] Two isoforms of P-gp are expressed in humans, class I and III isoforms are drug transporters (MDR1/ABCB1), while the function of class II isoforms (MDR2/3/ABCB4) is to export phosphatidylcholine into bile.[@b15-dddt-11-1255] In addition to exporting chemotherapeutic agents, P-gp is able to transport a broad range of substrates, including amino acids, sugars, peptides, organic ions, metabolites, and numerous hydrophobic compounds.[@b16-dddt-11-1255],[@b17-dddt-11-1255] Several reports suggest that P-gp may regulate apoptosis, chloride channel activity, cholesterol metabolism, differentiation, proliferation, adhesion, and immune cell function.[@b18-dddt-11-1255] Significantly, elevated P-gp expression was found in chronic B-cell leukemia patients. Alterations in P-gp expression may also occur because of single nucleotide polymorphisms, which have been found in MDR1, and which affect drug-metabolism and result in altered pharmacokinetics of chemotherapeutics.[@b19-dddt-11-1255] Some investigations have proposed a model in which expression of ABC transporters prevent drug accumulation in resistant cells by increasing efflux, at the same time, the models also consider the other side of the equation in which drug influx is suppressed by the active reduction of endocytosis.[@b20-dddt-11-1255]

MRP1 was one of the first human ABC proteins identified and is encoded by the *ABCC1* gene ([Figure 2](#f2-dddt-11-1255){ref-type="fig"}), located on chromosome 16p13.[@b12-dddt-11-1255] MRP1 is a glycosylated protein with molecular weight \~190 kDa and functions in the transport of sulfate, glutathione or glucuronate and anionic substances, in an ATP-dependent manner.[@b16-dddt-11-1255],[@b21-dddt-11-1255],[@b22-dddt-11-1255] Structurally, MRP1 has three membrane spanning domains (MSD0, MSD1, MSD2). MSD1 and MSD2 each has six transmembrane (TM) helixes, MSD0 has five TM segments with approximately 200 amino acids. MRP1 is also made up of two cytosolic nucleotide binding domains (NBDs). The cytosolic NBD is responsible for binding and hydrolysis of ATP to provide energy for substrate transport.[@b16-dddt-11-1255],[@b23-dddt-11-1255] A variety of anticancer drugs transported by MRP1, are bulky hydrophobic molecules that acquire entry to cells by simple diffusion across the lipid bilayer of the cell's outer membrane.[@b23-dddt-11-1255],[@b24-dddt-11-1255] The mechanism of MRP1 involved multidrug resistance has not been exactly understood. GSH possibly plays a role in the occurrence of multidrug resistance.[@b25-dddt-11-1255] MRP1 also possibly serves a sequestration function to prevent drugs from reaching their intracellular targets, because it has been found in other subcellular organelles such as the endoplasmic reticulum and endocytic vesicles.[@b26-dddt-11-1255],[@b27-dddt-11-1255]

Detection approaches
====================

The mechanisms underlying MDR are complex. Accurate and sensitive detection of these mechanisms is thought to be vital to improved treatment of leukemia. Since MDR1 gene amplification is almost non-existent in human tumors, detection of alterations in DNA copy number is not appropriate. Therefore, at present we usually measure MDR1 mRNA expression levels. Commonly used methods include polymerase chain reaction (PCR), in situ hybridization (ISH), and RNase protection assays (RPAs). Western blotting and immunohistochemistry (IHC) may also be used for protein detection.

Nucleic acid-based detection methods
====================================

PCR
---

PCR is a technique for the selective amplification of DNA or RNA segments of up to 2 kb or more in length.[@b28-dddt-11-1255] The three stages of PCR are exponential amplification, followed by leveling off, and the plateau stage. DNA polymerase and specific oligonucleotide primers are currently used for amplification of P-gp cDNAs.[@b29-dddt-11-1255] Specifically, PCR amplification relies on thermal cycling, consisting of cycles of repeated heating and cooling for DNA melting and enzymatic replication of the DNA.[@b30-dddt-11-1255] Primers for the PCR reactions are based on conserved sequences of the catalytic domain that are shared among all known drug efflux pumps protein tyrosine phosphatases.[@b31-dddt-11-1255] Primers could produce optimal amplicon size for quantitative PCR when amplifying regions for the partial P-gp sequences. For each reaction, for optimization, it was implemented to detect each primer pair and undertake amplification of a single PCR product only.[@b29-dddt-11-1255] Repeated cycles of three different reaction temperatures are needed: the first high temperature step for heat-denaturation of the DNA, the second for annealing, and the third for extension of the primers.[@b32-dddt-11-1255] As PCR is sensitive to contamination, care must be taken to include appropriate negative controls. In order to ensure that any contaminating material would not act as a template for PCR, buffers should be incubated with restriction enzymes that cut within the amplified fragment before amplification.[@b33-dddt-11-1255] This approach has been greatly simplified by automated procedures that use a thermostable enzyme DNA polymerase.[@b34-dddt-11-1255] This allows a single sample to be simultaneously amplified for several different markers, and has important economic implications.[@b35-dddt-11-1255] PCR is now routinely and universally applied in human genetics, basic molecular biology, and clinical investigations with the goal of monitoring the causes of disease.[@b28-dddt-11-1255] At the end of the 20th century, Vogelstein described a digital PCR method. Digital PCR is both a qualitative and quantitative method, and can sensitively and accurately detect genetic alterations.[@b36-dddt-11-1255]

Fluorescence in situ hybridization (FISH)
-----------------------------------------

FISH is a method to detect specific nucleic acids in fixed but otherwise intact cells, that has been shown to be both sensitive and specific.[@b37-dddt-11-1255],[@b38-dddt-11-1255] FISH for visualization of nucleic acids was developed as an alternative to older methods that used radio-labeled probes.[@b39-dddt-11-1255] The basic elements of the FISH procedure include selection of probe(s) for a sequence complementary to the target of interest, probe labeling, slide preparation, slide pretreatment, denaturation of probe and target, hybridization, washing, analysis, and interpretation.[@b40-dddt-11-1255] Probes are labeled either directly, by incorporation of fluorescent nucleotides, or indirectly, by incorporation of reporter molecules that are subsequently detected by fluorescent antibodies or other high affinity molecules (eg, streptavidin/biotin).[@b41-dddt-11-1255] Hybridization to the target loci is visualized by the detection of fluorescent signals on metaphase chromosomes or interphase nuclei.[@b42-dddt-11-1255] Many new technologies have been invented to overcome the shortcomings of FISH. For example, a high resolution multi-color banding method was developed to overcome the disadvantage of lack of detection of perientric and paracentric DNA inversions, and therefore to precisely identify chromosome breakpoints.[@b43-dddt-11-1255] Quantitative FISH can measure the length of telomere repeats in preparations of metaphase chromosomes.[@b44-dddt-11-1255] Many applications based on FISH have been proposed in different fields of investigation, including evolutionary studies, interphase nucleus architecture analyses, DNA sequence mapping, toxicology, microbial ecology, cancer diagnostics, and forensics.[@b38-dddt-11-1255],[@b45-dddt-11-1255] This technology provides a wide range of choices for us to target any desired tumor biomarkers or any of the chromosomes to be examined.[@b46-dddt-11-1255]

RPA
---

The RPA is a sensitive means of quantitating mRNA transcripts initiated at a specific nucleotide, which was developed in the early 1980s.[@b47-dddt-11-1255] The procedure is based on the hybridization of the analyzed RNA to a radioactively labeled RNA probe, and the hybridization reactions are treated with ribonuclease to remove free probe. This leaves intact fragments of probe annealed to homologous sequences in the sample RNA.[@b48-dddt-11-1255],[@b49-dddt-11-1255] Notably, the position of radioactively labeled probe fragments can be detected by autoradiography. Alternatively, samples can be transferred to a membrane for secondary visualization if non-isotopically labeled probes are used.[@b50-dddt-11-1255] The hybridized RNA is then digested with ribonucleases, followed by precipitation and resuspension of the protected RNAs. Ultimately, electrophoresis and autoradiography of the protected RNAs is done on a denaturing polyacrylamide gel.[@b51-dddt-11-1255] The assay of mRNA by RPA is achievable because double-stranded RNA is not susceptible to degradation by ribonuclease.[@b52-dddt-11-1255] The advantage of the assay is that multiple mRNA species can be measured simultaneously in a single total RNA sample. Also, there are no amplification steps involved in ribonuclease protection, and therefore quantitative data are more reliable than reverse transcription (RT)-PCR. However, RNase protection is more time-consuming than RT-PCR and takes several days to complete, even by an experienced technician.[@b53-dddt-11-1255] For further technological development of this approach, microchip electrophoresis was considered in the analytical stages due to its characteristics: high speed, high throughput, low consumption of samples and reagents, miniaturization, and automation.[@b54-dddt-11-1255]

Protein-based detection methods
===============================

Western blot
------------

Western blotting is a technique that was first developed between 1977 and 1979 by Towbin and Staehelin, that has since become a common technique applied in research laboratories globally for the immune detection and quantitation of specific proteins.[@b55-dddt-11-1255],[@b56-dddt-11-1255] The principle of this method is based on specific antibody-antigen interaction. It could achieve the qualitative or semiquantitative identification of specific proteins. What is more important, the molecular weight of the proteins also be measured from a complex mixture. Gel electrophoresis of a protein sample, transfer of protein from a gel to a membrane support, and immune detection of a target antigen are the three necessary steps.[@b57-dddt-11-1255] Pelleting the cells by low speed centrifugation in order to drain the cell pellet well is usually performed when in the protein extraction. Also, it should be done at 4°C with protease inhibitors to prevent denaturing of the proteins, and incubated at room temperature for 5 min.[@b58-dddt-11-1255],[@b59-dddt-11-1255] Polyacrylamide gel electrophoresis is used to separate proteins in Western blotting.[@b57-dddt-11-1255] Some researchers indicated that the sensitivity of Western blotting was dependent on the quality of both the antigen and the antibody detection reagents.[@b60-dddt-11-1255] Similarly, increasing the volume of serum for low-titer specimens is critical.[@b61-dddt-11-1255] The critical steps in generating high-quality, quantitative Western blots are the following: 1) measuring protein concentrations; 2) sample preparation; 3) blocking the membrane; and 4) obtaining good quality and caliber of the primary antibody.[@b62-dddt-11-1255] A Western blotting minimal reporting standard and stain-free technology are recommended to improve the reproducibility of Western blot analysis.[@b63-dddt-11-1255] These are novel and unique quality control tools for data normalization in Western blotting workflows.[@b55-dddt-11-1255] The advantages of Western blotting are: simplicity, speed, and sensitivity. Furthermore, immunoblotting can distinguish different molecular forms of an antigen.[@b64-dddt-11-1255] Western blotting has been used to detect changes in MRP1 levels.[@b65-dddt-11-1255] Expression of MDR-1/P-gp levels in P388, P388/ADR, and HCT-15 cell lines have also been tested by Western blot analysis.[@b7-dddt-11-1255]

IHC
---

IHC is a powerful method for detecting specific proteins in formalin-fixed, paraffin-embedded tissues based on antigen--antibody interactions. The process involves tissue processing, sectioning and epitope retrieval, antigen--antibody interaction for protein detection, and visualization through various approaches.[@b66-dddt-11-1255] Successful immunostaining depends on the source, specificity, and quality of the primary antibody. The condition of the specimen is also very important, as is the fixation procedure and antigen-detection strategy.[@b67-dddt-11-1255] Excellent morphology can be obtained if the cells are fixed while they are still in growth-culture medium dish/flask before removing them.[@b68-dddt-11-1255] IHC is a highly standardized, sensitive, and simple technique.[@b66-dddt-11-1255] In addition, it possesses the ability to delineate admixed normal cells bearing P-gp. All of these are beneficial when investigating the development and emergence of multidrug resistance in leukemia. Subjectivity is the primary disadvantage.[@b69-dddt-11-1255] Antigen localization, cell and tissue morphology can be observed simultaneously because IHC utilizes a light microscope for visualization.[@b67-dddt-11-1255] However, IHC is subject to qualitative and subjective assessment, and has been criticized due to a lack of stringency compared with PCR.[@b70-dddt-11-1255] As the enhanced diagnostic utility of IHC was realized, the demand for this technique has also increased. It will continue to be a rapidly evolving field with the ever-increasing numbers of new antibodies available.[@b71-dddt-11-1255] The development of automation has progressed to eliminate many of the manual steps in the process.[@b72-dddt-11-1255] The combination of mass spectroscopy with IHC has allowed multiplexed, direct quantitative imaging of tissue samples for basic and clinical research.[@b73-dddt-11-1255] Multiplexed IHC methods permit identification of at least three, and up to 30 discrete antigens.[@b74-dddt-11-1255] Some studies suggest that IHC may be sufficiently sensitive and specific to predict response to targeted therapy.[@b75-dddt-11-1255]

Conclusion
==========

The outcome of leukemia is usually fatal. Recent surveys indicate that leukemia is the most common cause of cancer-related death in men under the age of 40. Meanwhile, about half of new cancer-related deaths among females were attributed to leukemia. Equally alarming is the fact that leukemia is a major cause of death in females under the age of 20. For children under the age of 14, acute lymphocytic leukemia is the most common form of cancer.[@b76-dddt-11-1255] Chronic myeloid leukemia (CML) has an incidence of 1--1.5 per 100,000,[@b77-dddt-11-1255] with relapse occurring in 25% of patients being associated with a poor prognosis.[@b78-dddt-11-1255] As a global problem of increasing concern, MDR leads to inadequate treatment and poor prognosis in leukemia patients. In recent years, some progress has been made in understanding the mechanisms of MDR.[@b79-dddt-11-1255] Despite this poor prognosis, there has been some progress in the treatment of leukemia in recent years. Tyrosine kinase inhibitors (TKIs) have changed the clinical course of CML, improving the 5-year survival from 35% to more than 90% with imatinib mesylate.[@b80-dddt-11-1255] Some new therapies aimed at reducing drug resistance are being studied, such as targeting JAK/STAT signaling, and the combination of ATRA with TKIs.[@b14-dddt-11-1255],[@b81-dddt-11-1255] However, both P-gp and MRP1 have been shown to interact with imatinib.[@b82-dddt-11-1255] The challenges are sure to remain difficult in the future. Detection of MDR genes has been described using the methodology outlined in this article. For example, 56 cell membrane glycoproteins in leukemia samples could be successfully quantitated by antibody analysis of non-glycopeptides.[@b83-dddt-11-1255] Detection technology is constantly developing. At the end of the 20th century, DNA microarrays were starting to be developed, allowing an opportunity to test the expression of hundreds to thousands of genes in a single assay.[@b84-dddt-11-1255] Nowadays, high-throughput sequencing has risen to prominence and can also be used to detect MDR genes, diagnose cancer, and so on. The technology makes the direct application of RNA sequencing, while not through DNA synthesis, possible.[@b85-dddt-11-1255] DNA microarray and next generation sequencing are products of the implementation of high-throughput techniques. Microarrays have greater advantages in terms of parallelism, automation, and miniaturization. Without PCR-based signal amplification, next-generation DNA sequencing technologies also have the ability to read signals of a single fluorescent molecule.[@b86-dddt-11-1255] In comparison to traditional Sanger sequencing, next-generation sequencing allows multiplexing of samples and gene targets in one experimental setup.[@b87-dddt-11-1255] At the same time, it can be combined with microarrays, DNA co-immunoprecipitation, and so on. However, they still have some shortcomings and technical limitations. It is of critical importance to establish the most convenient and efficient method to detect MDR genes in the future. The ultimate goal is to detect resistance genes and reverse their activities so as to reduce the risk of relapse and improve patient prognosis.
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